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We have probed the crystalline electric-field ground states of pure |J = 7/2, Jz = ±5/2〉 as well
as the anisotropic c-f hybridization in both valence fluctuating systems α- and β-YbAlB4 by linear
polarization dependence of angle-resolved core level photoemission spectroscopy. Interestingly, the
small but distinct difference between α- and β-YbAlB4 was found in the polar angle dependence
of linear dichroism, indicating the difference in the anisotropy of c-f hybridization which may be
essential to a heavy Fermi liquid state in α-YbAlB4 and a quantum critical state in β-YbAlB4 .
Crystalline electric field (CEF) ground state (GS) reg-
ulates physical properties at low temperatures and some-
times leads to variety of nontrivial quantum states such
as quantum criticality in quadrupolar Kondo lattice sys-
tem [1–3], colossal magnetoresistance and high tempera-
ture superconductivity in transition metal oxide [4]. For
example in high Tc cuprate, CEF splitting of Cu 3d elec-
tron determines the half filling in dx2−y2 orbit and the
orbit anisotropically hybridizes with neighboring O 2p
electrons, mediating electric and magnetic interaction [5].
Such an anisotropic hybridization of the orbit selected
by CEF plays essential role of the physical properties in
many of transition metal oxides [4]. Accurate estimation
of CEF GS and hybridization is indispensable to under-
stand the underlying mechanisms.
In rare earth metal systems, CEF GS and hybridiza-
tion is also important. One of the most interesting
phenomena is a quantum criticality in β-YbAlB4 which
stems from the pure |J = 7/2, Jz = ±5/2〉 CEF GS and
the nodal hybridization in momentum space as predicted
by A. Ramires, et al. [6]. In this theory, a new type of
topological phase transition in Fermi surface is predicted
to arise and induces a topological non-trivial vortex metal
which shows magnetic properties of T−1/2 divergence and
T/B scaling.
β-YbAlB4 is a fascinating and mysterious material
which is the firstly discovered superconductor in Yb-
based heavy fermion systems [7, 8] and shows quan-
tum criticality without tuning [9] in the strongly va-
lence fluctuating state [10]. As a function of pres-
sure, β-YbAlB4 forms non-Fermi-liquid phase including
the quantum criticality at ambient pressure [11]. To
understand the underlying mechanism, laser ARPES
probed anisotropic hybridization as a momentum depen-
dent Kondo hybridization band which is consistent with
nodal hybridization model [12]. CEF GS is also reported
to be consistent with | ± 5/2〉 state estimated by the
temperature dependence of magnetic susceptibility [13].
Indeed, | ± 5/2〉 state is plausible because the distribu-
tion of 4f hole extends toward neighboring heptagonal
rings of boron atoms, maximizing the hybridization with
boron rings. However, no definitive experimental results
including the estimation of the admixture with other Jz
components are reported.
Recently linear dichroism (LD) of angle-resolved core-
level hard X-ray photoemission spectroscopy (HAXPES)
has probed the CEF GSs of several Lanthanide based
materials. For example in Yb based materials, LDs of
Yb 3d core-level multiplet structures determined the GSs
of cubic system YbB12 as Γ8 and the GSs of tetrago-
nal systems YbRh2Si2 and YbCu2Si2 as | ± 3/2〉 and
−0.36| ± 5/2〉 + 0.93| ∓ 3/2〉, respectively [16, 17]. In
this optical process, Yb 3d5/2 core-level photoemission
reflects the charge distribution of Yb 4f hole through
the interaction with created Yb 3d hole. This method is
also applicable to the orthorhombic system β-YbAlB4 .
In this letter, we show the experimental evidence of pure
| ± 5/2〉 CEF GSs in the orthorhombic compound β-
YbAlB4 probed by polar angle and azimuthal angle de-
pendence of LDs of Yb 3d HAXPES spectra. In ad-
dition, we found the importance of explicit anisotropic
hybridization between 4f and conduction electrons to
describe the CEF of β-YbAlB4 . For comparison, we
also measured stoichiometric compound α-YbAlB4 which
shows heavy Fermi liquid ground state [18].
In α- and β-YbAlB4 , local symmetry at Yb site is
ar
X
iv
:1
81
1.
07
53
7v
1 
 [c
on
d-
ma
t.s
tr-
el]
  1
9 N
ov
 20
18
2Yb
Al
B
a-YbAlB4
b-YbAlB4
a
b
(a) (b)
e-
a
c
hn
p-pol.
s-pol.
60°
q
(c) (d)
s-pol.
1535 1530 1525
b-YbAlB4
1535 1530 1525
Binding Energy (eV)
a-YbAlB4
q = 0°
45°
p-pol.
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
s
) Yb
3+ 3d5/2 Yb
3+ 3d5/2
1535 1530 15251535 1530 1525 1535 1530 1525
q = 0°
|Jz|=
5/2
3/2
1/2
7/2
calculation calculation
q = 45°
|Jz|=
5/2
3/2
1/2
7/2
calculation
q = 60°
|Jz|=
5/2
3/2
1/2
7/2
60°
Binding Energy (eV)
q = 0°
45°
60°
j
FIG. 1. (a) Crystal structure of α- and β-YbAlB4 with a view along c-axis. Yb-Al layer is sandwiched by heptagonal and
pentagonal B layers, respectively. Pictorial views inside the purple quadrangles which center the highlighted Yb atoms are
shown at the right side. The pictorial views orient to the acute angles of the purple quadrangles and the highlighted Yb atoms
are at the front side. (b) Schematic top view geometry of incident horizontally (blue arrow) and vertically (red arrow) polarized
X-rays, sample and photoelectron analyzer. The photoelectron analyzer is drawn as a photoelectron (e−). Polar angle θ is
defined as an angle between the directions toward the photoelectron analyzer and c-axis of the sample, and θ = 60◦ corresponds
that the c-axis orients toward incident X-ray. Azimuthal angle ϕ is defined as the angle of the rotation along c-axis and ϕ = 0◦
corresponds to the geometry as drawn in Fig. 1(b). (c) Polarization-dependent Yb3+ 3d5/2 core-level HAXPES spectra of α-
and β-YbAlB4 with the polar angle of θ = 0
◦, 45◦ and 60◦. Red thin and blue thick lines correspond to s- and p-polarization.
The spectra are normalized by the spectral weight of Yb3+ 3d5/2 after the subtraction of Shirley-type backgrounds [14, 15].
(d) Ionic calculation of polarization-dependent Yb 3d5/2 core-level HAXPES spectra of pure Jz states at each θ.
Cs and C2v, respectively [19]. However, the regions sur-
rounded by the four neighboring Yb sites resemble in
both systems as shown in the purple quadrangles and
their pictorial views in Fig. 1(a). Therefore, we can
approximate that the local symmetry at Yb site in α-
YbAlB4 is C2v and similar CEF GS is expected, which is
turned out to be true later. J = 7/2 states of Yb3+ 4f
electron in C2v symmetry will split into four doublet and
C2v CEF is expressed by B
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and B66 in Stevens formalism [20]. These parameters will
produce the eight eigenfunctions expressed by using Jz
as ai|±5/2〉+bi|∓3/2〉+ci|±1/2〉+di|∓7/2〉(i = 1 ∼ 4),
where a2i +b
2
i +c
2
i +d
2
i = 1. For the simple comparison be-
tween measurement and calculation, we have performed
ionic calculation including the full multiplet theory and
the local CEF splitting using the XTLS 9.0 program
[21, 22]. Atomic parameters such as the 4f -4f and 3d-
4f Coulomb and exchange interactions (Slater integrals)
and the spin-orbit couplings was obtained using Cowan’s
code based on the Hartree-Fock method [23]. The Slater
integrals and spin-orbit couplings are reduced to 88% and
98% according to the references [16, 17, 24]. Single im-
purity Anderson model (SIAM) was also employed for
the calculation which include explicit c-f hybridization
[25, 26].
We performed polarization-dependent Yb 3d core-level
HAXPES with a MBS A1-HE hemispherical photoelec-
tron spectrometer at BL19LXU of SPring-8 [27, 28]. Hor-
izontally polarized X-ray radiation produced by 27 m
long undulator was monochromated to be 7.9 keV by a
Si(111) double-crystal and a Si(620) channel-cut crystal.
To switch the excitation light from horizontal to verti-
cal polarization for LD, we used two diamond(100) sin-
gle crystals as a phase retarder and vertically polarized
component of the X-ray was 98% [29]. Since the direc-
tion of the photoelectron analyzer was in the horizontal
plane with an angle about incident X-ray of 60◦ as shown
in Fig. 1(b), horizontally polarized and vertically polar-
ized X-rays correspond to s- and p-polarization geometry,
respectively. The single crystals α- and β-YbAlB4 were
grown by aluminum self-flux method [19]. Clean sample
surfaces along ab-plane were obtained in situ by cleaving
under the pressure of 1×10−7 Pa. We have confirmed no
impurities including oxygen and carbon by scanning core-
level spectra. The experimental geometry was controlled
by using a two-axis manipulator which equips polar and
azimuthal rotations [29]. The energy resolution was set
to ∼ 400 meV. The sample temperature was set to 25 K,
which is sufficiently lower than the first excited energy
confirmed by negligible temperature dependence up to
60 K for β-YbAlB4 [30] and by the much smaller entropy
than Rlog2 estimated by specific heat [18].
Fig. 1(c) is the polarization-dependent Yb3+ 3d5/2
core-level HAXPES spectra of α- and β-YbAlB4 with po-
lar angle of θ = 0◦, 45◦ and 60◦ as drawn in Fig. 1(b).
The multiplet structures peak at 1526, 1529 and 1532 eV
with polarization and θ dependences which reflect the
charge distribution of 4f holes. The polarization and θ
dependences in α- and β-YbAlB4 are similar, suggesting
almost the same CEF GS as expected by the neighboring
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FIG. 2. (a) and (b) The azimuthal angle dependence of Yb3+
3d5/2 core-level HAXPES spectra in α- and β-YbAlB4 at θ =
60◦ and the ionic calculation of pure |±5/2〉 state. (c) The az-
imuthal angle dependence of LDs in α- and β-YbAlB4 (closed
circle) and the ionic calculation for pure | ± 5/2〉 state and
| ± 5/2〉 plus a small amount of | ∓ 3/2〉 (∼ 0.9998| ± 5/2〉+
0.02| ∓ 3/2〉) or | ± 1/2〉 (∼ 0.9975| ± 5/2〉 + 0.07| ± 1/2〉)
state (solid line). LD is defined as the difference of normal-
ized intensity between s- and p-polarization. The amplitude
of LDs by ionic calculation is divided by three to compare
with experiments.
atoms (Fig. 1(a)). Peaks at 1526 eV with s-polarization
geometry (s-pol.) are much higher, higher and lower than
the case of p-polarization geometry (p-pol.) at θ = 0◦,
45◦ and 60◦, respectively. For the peaks at 1529 eV, these
magnitude relations are reversed. According to the ionic
calculation shown in Fig.1 (d), all the magnitude rela-
tions are consistent with only | ± 5/2〉 state. However,
the magnitude of the LDs which are defined as differ-
ences in the spectral intensities between s- and p- po-
larizations are about 3 times smaller than those of ionic
calculation at θ = 0◦ and 60◦. These comparisons sug-
gest that the main component of the wave functions in
α- and β-YbAlB4 is | ± 5/2〉. The possible reasons for
the quantitative differences are the admixture with other
Jz components and/or c-f hybridization because both ef-
fects will deform the charge distribution of 4f hole and
will change LD.
Firstly, we focus on the mixing effect, namely | ± 5/2〉
plus | ∓ 3/2〉, | ± 1/2〉 and/or | ∓ 7/2〉. Pure | ± 5/2〉
state shows no rotational dependence in LDs along c-
axis as shown in Fig. 2(c) because of the isotropic charge
distribution around c-axis. On the other hand, mixed
states induce the azimuthal angle dependence as shown
in CeCu2Ge2 [31] except the binary mixed state with
| ∓ 7/2〉. However, it is unnatural if the wave function is
|±5/2〉 plus |∓7/2〉 because CEF Hamiltonian must have
tetragonal symmetric terms of pure | ± 5/2〉 state plus
the six-fold symmetric term B66 and other orthorhombic
terms B22 , B
2
4 and B
2
6 must be zero. Therefore we can
distinguish if the CEF GS is pure |± 5/2〉 state or mixed
state by measuring the azimuthal angle dependence of
LDs. Fig. 2(a), (b) and (c) show the Yb3+ 3d5/2 core-
level HAXPES spectra with different azimuthal angles ϕ
and with the fixed polar angle of θ = 60◦ in α-YbAlB4 ,
β-YbAlB4 and their LDs, respectively. For both α- and
β-YbAlB4 , LDs show azimuthal angle dependence within
the experimental noise, indicating the pure |±5/2〉 state.
To estimate the error bars of the wave function, we per-
formed ionic calculation for the binary mixed states as
shown in Fig. 2(c). In case of | ± 5/2〉 plus (minus)
| ∓ 3/2〉 state, four fold symmetric azimuthal angle de-
pendence appears and LDs at ϕ = 0◦ and 90◦ overlap
and LD at ϕ = 45◦ is smaller (larger) than others. The
azimuthal angle dependence is very sensitive and exper-
imental statistics suggests that the maximum possible
component of | ∓ 3/2〉 is only 0.04%, indicating that LD
by HAXPES is an extremely sensitive probe of electronic
state. In case of | ± 5/2〉 plus (minus) | ± 1/2〉 state, two
fold symmetric azimuthal angle dependence appears and
LD at 1529 eV increases (decreases) as ϕ changes from 0◦
to 90◦. The azimuthal angle dependence is less sensitive
and experimental statistics suggests that the maximum
possible component of | ± 1/2〉 is 0.49%. If three or four
components are mixed, | ∓ 7/2〉 can have finite contribu-
tion, but the contribution will be much smaller than that
of |∓3/2〉 and/or |±1/2〉 states, resulting in the error bar
much less than that of | ∓ 3/2〉 or | ∓ 1/2〉. As these tiny
error bars cannot explain the huge difference of LDs be-
tween the experiment and calculation by ionic model, we
can conclude that the LDs in α- and β-YbAlB4 are modi-
fied by c-f hybridization. Note that the c-f hybridization
must be ϕ independent because the anisotropy in c-f hy-
bridization will yield anisotropic LDs.
As α- and β-YbAlB4 are strongly valence fluctuating
systems with the Yb valences of 2.73 and 2.75 [10],
large c-f hybridization is expected to modify LD, which
was not apparently yielded in YbB12, YbRh2Si2 and
YbCu2Si2 [16, 17]. Next, we compare with the calcu-
lation based on SIAM for | ± 5/2〉 state in the mixed
valence state between Yb3+ (4f13) and Yb2+ (4f14L).
Here, L denotes the conduction band with one hole. For
simplicity, we employed isotropic c-f hybridization. Fig.
3(a) shows the Yb3+ 3d5/2 core-level HAXPES spectra of
α-YbAlB4 , β-YbAlB4 and calculation by SIAM and ionic
model at θ = ϕ = 0◦. The parameters of the Coulomb
interaction between the 4f electrons and 3d core hole Ufc
and the effective 4f binding energy ∆f and isotropic c-f
hybridization strength Veff were set to be 10.0, 0.5 and
1.0 eV. The peaks of multiplet by SIAM is slightly wider
than those of ionic model and the multiplet structure will
drastically change if the Veff is larger than 2.0 eV (not
shown). Figure 3(b) and (c) show experimental LDs of
α- and β-YbAlB4 and the calculated LDs by SIAM and
ionic model. For all geometry, calculations by SIAM show
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FIG. 3. (a) Polarization-dependent Yb3+ 3d5/2 core-level
HAXPES spectra of α- and β-YbAlB4 at θ = ϕ = 0
◦, and the
calculation of the spectra for | ± 5/2〉 state based on SIAM
including isotropic c-f hybridization. (b) and (c) The exper-
imental LDs (closed circle, square and triangle) of α- and β-
YbAlB4 and the calculation for | ± 5/2〉 state based on SIAM
(solid line) and ionic model (broken line). Red, green and
blue lines on the black lines correspond to the LDs by SIAM
at θ = 0◦, 45◦ and 60◦. Same parameters are used in the
calculation shown in (b) and (c).
slightly smaller LDs than ionic model. At θ = 0◦ and 60◦,
LDs of calculation are still much larger than experimental
results. On the other hand, at θ = 45◦, LD of calculation
is smaller than that of experiment. These comparisons
indicate the importance of anisotropic c-f hybridization
to understand the CEF in α- and β-YbAlB4 which easily
deforms the charge distribution as well as the LDs like
oxides. Furthermore we can see the different amplitude
of LDs between α- and β-YbAlB4 : LDs of α-YbAlB4 are
smaller at θ = 0◦ and 60◦ and larger at θ = 45◦, indicat-
ing the different anisotropy in c-f hybridization which is
integrated into CEF.
In summary, CEF GSs of α- and β-YbAlB4 are pure
| ± 5/2〉 states with the polar angle θ dependent and az-
imuthal angle ϕ independent c-f hybridizations. These
results remind us the topological non-trivial vortex
metallic state originating from nodal hybridization in
momentum space, which is predicted in β-YbAlB4 [6].
Experimental support in this nodal hybridization has
been reported that laser ARPES measurement for β-
YbAlB4 probed two anticrossing of 4f CEF levels with
dispersive conduction band which momentum depen-
dence is consistent with nodal hybridization model [12].
On the other hand, for α-YbAlB4 , no clear Kondo hy-
bridization band like β-YbAlB4 was observed by laser
ARPES. In our measurement of LD for α-YbAlB4 , we
observed clear c-f hybridization in Yb 4f | ± 5/2〉 state
possibly because Yb 3d5/2 core-level HAXPES reflects
local feature compared with valence band measured by
ARPES. Furthermore, we discovered that the LD at each
θ in β-YbAlB4 has a slightly smaller deviation from cal-
culation than the LD in α-YbAlB4 as shown in Fig. 3(b)
and (c), indicating that β-YbAlB4 has the slightly smaller
anisotropy of c-f hybridization. This small difference
may correspond to the relation between the nodal and
non-nodal hybridization as predicted in the previous the-
oretical study [6]. As we have shown the existence of
anisotropy in c-f hybridization, the detailed angle re-
solved core level LDs by HAXPES can be a new probe
of anisotropic c-f hybridization in real space.
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